The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. frequency is sensitive to its environment, and loss of frequency correlation provides a picture of local and collective hydrogen bond dynamics. The timescales for hydrogen bond rearrangements decrease from roughly 2 ps at 278 K to 0.5 ps at 345 K. We find the barrier to dephasing and hydrogen bond switching to be E a = 3.4 ± 0.5 kcal/mol, although the trend is slightly non-Arrhenius. The value is in good agreement with the reported barrier height for OD reorientation observed in pump-probe anisotropy measurements.
We use temperature-dependent two-dimensional infrared spectroscopy (2D IR) of dilute HOD in H 2 O to investigate hydrogen bond rearrangements in water. The OD stretching frequency is sensitive to its environment, and loss of frequency correlation provides a picture of local and collective hydrogen bond dynamics. The timescales for hydrogen bond rearrangements decrease from roughly 2 ps at 278 K to 0.5 ps at 345 K. We find the barrier to dephasing and hydrogen bond switching to be E a = 3.4 ± 0.5 kcal/mol, although the trend is slightly non-Arrhenius. The value is in good agreement with the reported barrier height for OD reorientation observed in pump-probe anisotropy measurements.
This provides evidence for the proposal that hydrogen bond switching occurs through concerted large angular jump reorientation. MD simulations of temperature-dependent OD vibrational dephasing and orientational correlation functions are used to support our conclusions.
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Keywords: Water; Hydrogen-Bond Dynamics; Temperature-Dependence; Ultrafast Spectroscopy; Molecular Dynamics; Pump-Probe Geometry Rearrangements in the hydrogen bond (HB) network of water necessarily require collective intermolecular rotations and translations. A number of recent studies using ultrafast infrared spectroscopy and molecular dynamics simulations have led to a selfconsistent description of the dynamics that underlie the mechanism of hydrogen bond rearrangements. 2D IR spectroscopy of HOD in D 2 O has shown that broken or strained hydrogen bonding configurations do not persist in the liquid, but reform a hydrogen bond in <150 fs. 1 2 This observation indicates that hydrogen bond switching is a concerted process that proceeds through a bifurcated HB transition state. Independently, Laage and
Hynes presented a picture for molecular jump reorientation in water, in which reorientation upon HB switching is guided by fluctuations in HB coordination. 4 5 This is consistent with frequency-resolved pump-probe anisotropy measurements of HOD in H 2 O, which reveal that non-hydrogen bonded configurations have a higher degree of inertial rotation than strong HB species, 6 and that orientational motion accompanies the formation of a HB from an unstable configuration. 7 To further test this proposal for hydrogen bond dynamics, we measured temperaturedependent spectral diffusion of the OD stretch of HOD in H 2 O using 2D IR spectroscopy. 11 Hydrogen bonding fluctuations modulate the OD frequency, and water structural rearrangements dictate the picosecond spectral diffusion kinetics. 8 Temperature-dependent studies of these processes provide information on the HB switching barrier, which can be compared to recent simulations 5 and IR pump-probe anisotropy measurements 9 of water reorientation to test their joint contribution to the hydrogen bond rearrangement mechanism. previously observed, 11 and form the basis for describing the rapid HB reformation by non-hydrogen bonded configurations. 1 2 As the waiting time is increased, this memory is lost and the peaks become symmetric in  1 and  3 . This spectral evolution can also be characterized through the time scale at which the slope of the node between the 0-1 and 1-2 peaks, or the slope of a constant phase line, approaches zero. The initial slope and the time scale of spectral diffusion decrease with increasing temperature. We also find that the overall magnitude of the 2D signal decreases with temperature as a result of increased thermal fluctuations coupled with the non-Condon effect. 12 The long time features of the 2D spectra are also influenced by the OD vibrational relaxation and thermalization processes. 14 15 Vibrational relaxation decreases the amplitude of the 1-2 peak relative to 0-1, and induces a relaxation-induced spectral blueshift in the 0-1 absorption. 16 In differential-mode spectroscopy, this thermally shifted ground state (TSGS) leads to the persistence of a positive peak to long waiting times and the observation of a negative feature above the diagonal. 17 This is most apparent at low temperature where the OD spectral shift is greatest. The TSGS is expected to decrease the value of the slope of the phase lines upon sufficient vibrational relaxation and increase the observed spectral relaxation rate, as described below. The waiting time dependence of the spectral relaxation was analyzed by a number of metrics that have previously been described, 18 19 including the slope of the node or line of constant phase, 20 21 dynamic line width, 11 and center line slope. 22 The phase line slope tan(    | =0 , which varies from one to zero is our preferred metric; however, all metrics show similar trends with temperature. The node of the imaginary surface (is preferred over the real surface node (since at long waiting times the 1-2 peak has significantly decayed. Due to peak shifts with temperature, we averaged tan( over a box with bounds set by 90% of the peak maximum of the real surface.
Phase line slope decay is shown in Figure 3a for the five temperatures studied. The decays span from the femtosecond time scales of intermolecular fluctuations to picosecond structural reconfiguration. 3 Overall, the decays in Figure 3a is roughly equal to H f for a medium strength hydrogen bond, 27 and lies within a range of values (1.5-4.9 kcal/mol) observed in various structural relaxation measurements on water. 28 30 31 An important comparison of our experimental results is to the temperature-dependent anisotropy of HOD in H 2 O, for which the barrier height for reorientational motion was found to be E a,rot = 4.1 kcal/mol. 9 This value lies close to our value of E a, , especially when restricting the comparison to temperatures <323 K. If, as experimental 2 3 and theoretical findings suggest, 4 5 large angle reorientation is a key component of hydrogen bond rearrangements, then the OD dephasing and OD reorientation should be strongly correlated. Although the timescale of orientational correlations cannot be trivially compared to isotropic observables, the temperature dependence should scale similarly.
The close agreement between the two barrier heights is another key piece of evidence for this picture.
This barrier also reinforces our earlier conclusion that the picosecond decay of frequency correlations occurs as a result of hydrogen bond rearrangements that switch randomization of E a, = 3.6 kcal/mol and a barrier of E a,rot = 3.6 kcal/mol for reorientation. The latter number is in agreement with the 3.5 kcal/mol value previously calculated by Laage and Hynes for the OH stretch. 5 Although SPC/E water was not parameterized for temperature dependent work, we feel that this will not affect the important close correspondence between E a, and E a,rot . Vibrational dephasing rates and reorientation rates were obtained from mono-exponential fits to picosecond data. Linear fits give E a, = 3.6 kcal/mol, 1/A  = 2.1 fs and E a,rot = 3.6 kcal/mol, 1/A rot = 5.5 fs.
To summarize, analysis of the temperature-dependent 2D IR spectroscopy of the OD stretch in water indicates that the mechanism of vibrational dephasing, reorientational motion, and hydrogen bond rearrangement are all strongly correlated. This is based on the same temperature dependent scaling for these different rate processes, and from close agreement to the frequency changes, orientational motion, and hydrogen bond switching in MD simulations.
Experimental
2D IR spectra were acquired with a Fourier transform pump-probe 2D spectrometer that has been described previously. 34 Experiments were performed with 70 fs pulses whose spectrum was centered at 2500 cm -1 with a FWHM of ~250 cm -1 . The excitation fields were generated with a Mach-Zehnder interferometer, and translating ZnSe wedges controlled pulse delays. The  1 axis was created by moving the non-chopped pump arm in 2 fs steps to 600 fs. The probe beam was spectrally dispersed onto a 64-channel MCT array with ~6 cm -1 /pixel resolution, and difference spectra were acquired by chopping. In order to extract phase information, we recover the complex 2D IR spectrum from the raw absorptive data on the basis of a Kramers-Kronig assumption. 36 The sample of 3% D 2 O in H 2 O with a path length of 6 m was contained between CaF 2 windows in a temperature regulated brass cell. 2D IR surfaces were collected at 278, 286, 295, 323 and 345 K in the parallel (ZZZZ) polarization geometry. At each temperature, surfaces were collected for 20 to 21 waiting times between 40 fs and 4 ps.
Distortions to the 2D spectrum from non-resonant response are observed for waiting times <80 fs. Although the FTIR and 2D IR data was acquired with purged air, residual atmospheric CO 2 absorption is still observed from 2300-2380 cm -1 .
